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Abstract

Time resolved images of the magnetization switching process in a spin transfer structure, ob-

tained by ultrafast x-ray microscopy, reveal the limitations of the macrospin model. Instead of

a coherent magnetization reversal, we observe switching by lateral motion of a magnetic vortex

across a nanoscale element. Our measurements reveal the fundamental roles played independently

by the torques due to charge and spin currents in breaking the magnetic symmetry on picosecond

timescales.
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FIG. 1: Schematic of the experiment. The pillar structure with the NME is shown including the

Cu contacts on top and bottom. The current is spin polarized by the polarizer layer. The incident

monochromatic x-ray beam is focused to a spot size of ≈ 30nm×30nm and the transmitted intensity

is measured as a function of the beam position. The pump-probe timing scheme is shown at the

bottom.

Reversal of the magnetization ~M in nanoscale magnetic elements (NME) is one of the

basic operations in advanced applications of magnetism today. The presently used method

of switching NMEs by external magnetic field pulses is envisioned to be replaced by direct

injection of spin polarized currents [1–7]. Such spin switching has indeed been observed in

giant magneto-resistance (GMR) studies following a stepwise change in the injected spin

current [8–10], and spontaneous radiofrequency emission has also been detected [11–15]. So

far, however, the evolution of the nanoscale magnetization distribution during the switching

process has remained hidden. Here we report the first direct observation of the detailed

magnetic switching process in space and time using advanced pump-probe x-ray microscopy.

Motion pictures with 200 ps time resolution reveal a sub-nanosecond switching process where

a magnetic vortex created by the Oersted field of the charge current is shifted across the

NME by the spin current. As the vortex core leaves the NME, a C-state is formed which

may later decay deterministically into a uniform magnetic state.

Our sample consisted of a 4 nm thick NME with an elliptical cross section of 100 nm ×

150 nm, sandwiched between other layers and buried under current leads in a typical CPP-

spin valve pillar [16], as illustrated in Fig. 1. Current pulses of 2 × 108 A/cm2[27] provided
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FIG. 2: GMR measurements of field and current pulse induced switching. As shown in (a) the

sample shows a square GMR-hysteresis loop in an external field, indicating a uniform saturation

magnetization. With current pulses of 4 ns length, as applied in the pump-probe x-ray microscopy

measurements, the sample exhibits a full change of GMR only on the first current pulse (A to B).

The measurement time between pulses is 5 seconds. Subsequent set (B to C) and reset (C to D)

pulses show a lower GMR effect, indicating the creation of a non-saturated intermediate metastable

structure C.

by a pulse generator flow perpendicular to the pillar from the top to the bottom or vice

versa, depending on the sign of the voltage applied to the Cu electrodes. The NME of

interest consists of Co0.86Fe0.14. The multilayer structure below the NME is designed to spin-

polarize the current while minimizing magnetic coupling to the NME. The two ferromagnetic

(FM) layers whose magnetization stays fixed consist of 2 nm Co0.86Fe0.14, separated by an

interlayer of 0.7 nm Ru which couples their magnetizations antiparallel. The top FM layer

labeled polarizer is responsible for the direction and magnitude of the spin polarization of the

current. Its magnetization direction is pinned by the coupling to the lower FM layer which in

turn is exchange biased by a PtMn antiferromagnet. A spacer layer of 3.5 nm Cu interrupts

the exchange coupling between the NME and the polarizer. The whole multilayer structure

rests on a 300 nm thick SiN membrane (not shown in Fig.1) which is largely transparent to

x-rays. The sample fabrication involved techniques developed at Hitachi for use in magnetic

readout sensors [16].

In an external magnetic field, square GMR magnetization loops are obtained as shown in

Fig. 2 (a), indicating that uniform magnetic structures have been reached at the maximum

field values. The loops are shifted on the field axis showing that there is residual coupling

by the stray field from the polarizer of Hsf ≈ −50Oe at the location of the NME, favoring

antiparallel alignment of the NME with respect to the polarizer. Injecting a positive spin

current pulse (electrons flow from the polarizer to the NME) of 4 ns duration followed by
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a negative spin current reset pulse, as used for magnetic switching, is expected to yield

reproducible, constant jumps of GMR of the same magnitude as obtained by switching ~M

in an external field. As illustrated in Fig. 2 (b), the first current induced GMR jump from

point A to B has indeed the same magnitude as the field induced jump, consistent with

uniform ~M reversal. However, subsequent current injections (sequence B to C to D etc.)

exhibit reduced GMR jumps, indicating that a different ~M state (e.g. point C) has been

created. This intermediate state is metastable. The original large GMR jump (A to B) is

recovered only after the structure has been realigned by an external magnetic field. The

nature of the intermediate state, as well as the mechanism leading to it, remains hidden in

GMR. This demonstrates that spatially resolved information of the magnetization is required

to fully understand reversal by spin injection.

Images of ~M(x, y, t) where x and y are coordinates in the plane of the NME and t is

the time, are obtained by scanning transmission x-ray microscopy (STXM) [17] as shown in

Fig. 1. The circularly polarized x-ray beam from an undulator on beam line 11.0.2 at the

Advanced Light Source (ALS) is incident 30◦ from the surface normal. It is focused to ≈

30 nm by a zone plate. The transmission of the x-rays through the whole pillar is monitored

by a fast avalanche detector as a function of the position x, y while the pillar is scanned

in steps of 10 nm across the x-ray focus. Tuning the photon energy to the characteristic

Co L3 resonance provides magnetic contrast through the x-ray magnetic circular dichroism

(XMCD) effect [18]. The Mx and My components of ~M are obtained by rotating the pillar

by 90◦ in the x-y plane. 4 ns positive (set) and 4 ns negative (reset) current pulses separated

by 4 ns are applied to the sample by two pulse generators. The rise time of the current

pulses is 200 ps. The current pulse sequence is synchronized with the x-ray pulses which

appear every 2 ns. A special photon counting system allows us to measure the differences

of the magnetizations ~Mi − ~Mj for each pair of eight consecutive x-ray pulses, suppressing

slower drifts and sample vibrations. The delay of the 75 ps wide x-ray pulses to the current

pulse sequence can be changed in order to measure the time evolution of the magnetization.

We know from the GMR data that the fully saturated uniform state ~M0 (points B and

D) is reached either by application of a field or after the reset pulse (e.g. C to D). With

this reference state as input, the other ~M states can be reconstructed from the appropriate

difference measurements.

As an example, we show in Fig. 3 the spatial variation of ~M = (Mx, My), recorded
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FIG. 3: Stationary magnetic images recorded 2 ns after the rising edge of the set-pulse. The

magnetic images containing Mx (horizontal, a) and My (vertical, b) combine into the vector field

(c) which represents the direction of the magnetization. The length of the arrows indicates the

observed magnitude of the magnetic contrast.

2 ns after the rising edge of the set-current pulse. The length of the arrows represents the

XMCD contrast from the combined orthogonal images in the x (horizontal) and y (vertical)

directions. Note that the length of the arrows is influenced by the spatial resolution and

does not represent | ~M |. To our knowledge, this is the first time that the magnetic structure

in a spin injection pillar has been observed. Obviously, the magnetization is not uniform,

but is bent into a C-state.

The time evolution of the magnetization near the onset of the current pulses reveals a

novel magnetization switching mechanism and is shown in Fig. 4 (a - i). The changes of

the magnetization happen within a few hundred picoseconds after the 200 ps onset of the

pulse sequence. The initial magnetization is uniform (4a). The positive current pulse causes

the magnetization to bend upwards (4b), forming a vortex. As this vortex moves through

the NME, it leaves behind a trail of reversed magnetization. As the vortex center leaves

the magnetic structure, a C-state (4c) is formed. The end of the positive set pulse has no

noticeable effect, showing that the C-state (4d) is a metastable configuration. The negative

pulse first leads to an almost uniform magnetization, caused by injection of a new vortex

with opposite curl into the NME (4e). The new vortex moves through the NME and reverses

its magnetization (4f). The new C-state with Mx antiparallel to the polarizer is not stable

at zero current but relaxes relatively slowly into the original uniform configuration (4g - i).

Recent numerical simulations [19, 20] as well as dynamical experiments using GMR [21]

have suggested that the Oersted field caused by the charge current produces a transient

curled magnetization distribution in the NME. Our experiment demonstrates that C-states

of various shapes are indeed generated. The C-state, shown in Fig. 4d, which is bistable

with the uniform state, can solely be reached by injection of a current, but not by application
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FIG. 4: Evolution of the magnetization during the pulse sequence. The uniform anti-parallel

configuration (a) is switched into a C-state with parallel Mx component (c). The switching process

involves motion of a magnetic vortex through the NME, visible in (b). The C-state is metastable

after the falling edge of the pulse (d) and is reversed by the reset-pulse into another C-state (f).

The switching of one C-state into another is caused by lateral vortex motion as well, leaving a

uniformly magnetized area in the center of the NME (e). The C-state with its horizontal x-

component antiparallel to the polarizer is unstable and relaxes into the uniform state (g - i). This

relaxation is deterministic but comparatively slow. The labels (D) and (C) indicate the states of

figure 2.

of an external field. The detailed modelling of these observations requires numerical studies

which are beyond the scope of this paper. Below we instead give physical arguments in

support of the observed results.

The NME has a thickness of t and an elliptical shape with major radius R1 = 75nm

and minor radius R2 = 50nm. Between the pulses, the uniform magnetization is almost

degenerate with the vortex or C-state [22, 23]. At our current density of 2 × 108A/cm2,

the Oersted field has a maximum value of ≈ 950Oe and favors the formation of the ob-
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served curled magnetic states over the uniform configuration. The size and thickness of the

NME determines the ratio of the energies of the uniform state and the C-state [22], as well

as the ratio of the torques due to HOe and the injected spins. Therefore, the switching

process observed by us may differ from that in pillars with different internal structures and

dimensions.

The observed switching process by displacement of a magnetic vortex follows a path of

low energy. Our sample has a shape anisotropy of Hani ≈ 200Oe (Fig 2). The energy barrier

for switching by uniform rotation is ER = 1

2
Hani|M |R1R2πt. In contrast, the energy cost

for switching by the motion of a magnetic vortex can be estimated by assuming that the

C-state is degenerate in energy with the uniform state. The energy barrier for switching by

vortex motion can be estimated as the energy to create a vortex core of radius rc ≈ 5 nm [24]

within the sample. The vortex core is created to accommodate the exchange energy in the

center of the vortex and costs the stray field energy of a perpendicularly magnetized disk

of radius rc, namely EV ≈ M2
s

2µ0

r2

cπt. With |M | ≈ 2T, we obtain the ratio P = EV

ER

= 0.17.

Thus the energy barrier for switching by vortex motion compared to the barrier of uniform

rotation is reduced by a factor of five.

In the final uniform state reached after the reset pulse, ~M is antiparallel to the mag-

netization ~MP in the polarizer. The uniform state is thus stabilized by the stray field of

the polarizer. In contrast, the C-state of Fig. 4c forms when ~M is parallel to ~MP and in

this case the stray field opposes and destabilizes a potential uniform state. Based on our

experience with other samples, the possible relaxation of the C-state into the uniform state

depends on fine details of the magnetic couplings and other properties of the nano-pillar.

The particular sample presented in this paper has been chosen because one of the states is

uniform, allowing the reconstruction of the magnetization ~Mi from the measured difference

images ~Mi − ~Mj.

Our experiment shows that vortex dynamics, previously observed in micrometer-sized

magnetic structures [25, 26], can also dominate the switching mechanism in the nanometer-

sized elements in spin transfer nanopillars. Two kinds of symmetry breaking effects work

hand-in-hand. First, the curled Oersted field breaks the mirror symmetry along the spin

direction and creates a non-zero torque on the magnetization of the NME immediately after

the rising edge of the current pulse, so that no thermal fluctuations are needed to initiate

switching. In response to the Oersted field a vortex state is formed. Second, the spin
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polarized current, aligned into a unique direction by the polarizer, simply shifts the vortex

so that its center lies outside the sample. This motion is expected to involve precessional

motion of the magnetization, as well, but this is fast and cannot be resolved within our

time resolution. The combined actions of the Oersted field and spin injection explain the

short switching time of ≈ 500 ps observed here and the even faster times of 100 ps observed

previously [21]. The switching speed of 500 ps leads to a vortex speed of about 150m/s,

consistent with other observations [25]. Finally, we note that the non-thermally initiated

switching process is deterministic and therefore desirable in switching applications.
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